Aim: To report the visual and clinical outcomes of a pilot study of subthreshold diode micropulse (SDM) laser photocoagulation for clinically significant diabetic macular oedema (CSMO). Methods: The results of infrared (810 nm) SDM laser photocoagulation for CSMO were retrospectively reviewed in 95 eyes of 69 consecutive patients with mild to moderate non-proliferative diabetic retinopathy. The same laser parameters were used for each patient. Only the number of laser applications varied between patients, depending on their macular findings. Primary outcome measures were Snellen visual acuity, fluorescein angiographic leakage, and CSMO status. Results: Visual acuity was stable or improved in 85% of treated eyes, with a mean follow up of 12.2 months (range 3-29 months). CSMO decreased in 96% and resolved in 79% of treated eyes. No adverse laser events occurred. No laser lesions were detectable ophthalmoscopically or angiographically after treatment, consistent with calculations based on ANSI Z136.1 laser safety standards suggestive of only histologically detectable tissue effects at the laser exposure levels. No laser scarring was observed during the follow up period. Conclusion: Subthreshold diode micropulse laser photocoagulation minimises chorioretinal damage in the management of CSMO and demonstrates a beneficial effect on visual acuity and CSMO resolution. Prospective studies are needed to fully evaluate this technique. C omplications of diabetic retinopathy remain a leading cause of vision loss in people under 60 years of age.
C omplications of diabetic retinopathy remain a leading cause of vision loss in people under 60 years of age. [1] [2] [3] [4] Diabetic macular oedema is the most common cause of legal blindness in this patient group. 3 5 6 The Early Treatment of Diabetic Retinopathy Study (ETDRS) showed that visible end point focal laser photocoagulation reduces the risk of vision loss in patients with clinically significant diabetic macular oedema (CSMO). 7 This conventional photocoagulation protocol is effective for treating CSMO, but it causes visible laser scars that can enlarge postoperatively, [8] [9] [10] and complications that include choroidal neovascularisation (CNV), 11 12 subretinal fibrosis 13 14 and visual field loss. [15] [16] [17] [18] [19] [20] Intrinsic damage from visible end point laser photocoagulation has prompted interest in developing alternative methods for treating CSMO such as intravitreal steroid injection [21] [22] [23] and vitrectomy, [24] [25] [26] [27] but laser photocoagulation damage itself can be decreased by reducing laser exposure duration and using a subvisible clinical end point for therapy. 20 28-34 We used both of these approaches in a subthreshold diode micropulse (SDM) laser photocoagulation protocol that one of us (JKL) employed to treat 69 consecutive patients with CSMO in an effort to minimise laser induced chorioretinal damage.
PATIENTS AND METHODS
A retrospective review of the records of all patients undergoing infrared (810 nm) SDM laser photocoagulation for retinal vascular disease in a solo private vitreoretinal subspecialty practice was performed. For the time period between January 2000 and February 2003, 231 patients (348 eyes) were treated with SDM and had at least 3 months of postoperative follow up. Patients with severe nonproliferative and proliferative diabetic retinopathy, as well as those with other visually significant ocular diseases, such as retinal vascular occlusion, age related macular degeneration, and advanced or uncontrolled glaucoma, were excluded from review, yielding 95 consecutive eyes of 69 patients with mild to moderate non-proliferative diabetic retinopathy undergoing SDM laser photocoagulation treatment for CSMO. Each treated patient received and signed an informed consent including discussion of potential adverse effects, possible treatment failure, and possible need for additional or other treatment.
Recorded data included patient age, sex, race, type and duration of diabetes mellitus, and other systemic disease. For the treated eye, we documented ocular fundus pigmentation, lens status, ocular disease other than diabetic retinopathy, previous laser treatment or vitreous surgery, type and severity of diabetic retinopathy, presence of epiretinal membrane or posterior hyaloidal contraction, intraocular pressure, and Snellen visual acuity. All visual acuities were assessed by a single technician who used a uniform testing procedure. CSMO was graded in order of severity as focal (''category 1''), diffuse (involving all four quadrants of macula including fovea) (''category 2''), cystoid foveal oedema/degeneration (''category 3''), and macular ischaemia (''category 4'') (tables 1 and 2)
The diagnosis of CSMO was made according to ETDRS criteria, by dilated slit lamp macular biomicroscopy. Intravenous fundus fluorescein angiography was performed to confirm and characterise microvascular leakage. Following informed consent, SDM laser photocoagulation was performed. Topical anaesthesia was administered and a 0.966 inverted image ophthalmoscopic contact lens was applied to the cornea. All areas of ophthalmoscopically detectable macular oedema and angiographically apparent retinal vascular leakage were treated with confluent laser applications, up to the edge of the foveal avascular zone if it was thickened. The laser treatment parameters used for each patient were 125 mm laser spot diameter, 0.3 second laser exposure (envelope of micropulses), and 750 mW of 810 nm infrared diode laser radiation (Iris Medical OcuLight SLx photocoagulator, Iridex Corporation, Mountain View, CA, USA). Each laser exposure consisted of 150, 100 ms micropulses, delivered every 2 ms (100 ms ON, 1900 ms OFF, 500 Hz, 5% duty factor). Only the number of laser spots varied between patients, according to the extent of their CSMO. Since photocoagulation lesions were not ophthalmoscopically apparent, treated areas were often retreated (''painted'') during each treatment session to ensure complete coverage.
Treated patients were followed at 3 month intervals postoperatively. At each follow up examination, the records were reviewed for the following data: best corrected Snellen visual acuity, diabetic retinopathy status, and macular oedema status. CSMO was recorded as resolved, improved, worsened, or new/recurrent. In patients for whom retreatment was indicated or considered, fundus photography and intravenous fundus fluorescein angiography were repeated. Fluorescein angiographic leakage was recorded as resolved, improved, worsened, or new/recurrent. For patients undergoing re-treatment, the technique described above was repeated and all laser parameters were recorded. Conventional laser photocoagulation was available for patients unresponsive to SDM photocoagulation, but not deemed necessary for any of the study patients.
Patient data obtained from retrospective chart review were incorporated into a computer database. Statistical analyses made use of paired, Student's t tests for before/after treatment comparisons, analysis of variance for comparing means, and x 2 testing for comparing percentages. 
Postoperative visual acuity
By logMAR unit analysis, overall postoperative visual acuity remained essentially stable relative to the preoperative visual acuity level (an overall change of +0.14 logMAR units, No patient in the study reported pain during laser surgery. No intraoperative or postoperative treatment complications were observed. Patients often reported subjective visual improvement within 24 hours of SDM treatment.
Postoperative intravenous fluorescein angiography and fundus photography were performed in all patients considered for additional SDM treatment. In addition, early in the course of using this technique, several patients underwent postoperative photography and intravenous fluorescein angiography as early as 1, 10, 30, and 60 minutes, and between 1 and 12 weeks post-treatment. Despite the large mean number of treatment applications per eye, at no point did any patient in this report exhibit any acute or late ophthalmoscopic or fluorescein angiographic evidence of laser treatment (figs 1-3).
DISCUSSION
Conventional visible end point laser photocoagulation reduces the short term and long term risk of vision loss from CSMO. 7 35 Smaller studies have indicated that indirect (''grid'') and less intense photocoagulation can also be effective in the treatment of CSMO.
19 31 33 34 36-45 In visible end point photocoagulation, laser light absorption heats pigmented tissues at the laser site. Heat conduction spreads this temperature increase from the retinal pigment epithelium (RPE) and choroid to overlying nonpigmented and adjacent unexposed tissues. Laser lesions become visible immediately when damaged neural retina overlying the laser site loses its transparency and scatters white ophthalmoscopic light back towards the observer. There are different exposure thresholds for retinal lesions that are haemorrhagic, ophthalmoscopically apparent, or angiographically demonstrable. In clinical parlance, however, a ''threshold'' lesion is one that is barely visible ophthalmoscopically at treatment time, a ''subthreshold'' lesion is one that is not visible at treatment time, and ''suprathreshold'' laser therapy is retinal photocoagulation performed to a readily visible end point.
Decades of experimental data provide a basis for laser safety standards such as the American National Standards Institute (ANSI) Z136.1 standard, 46 which specifies a maximum permissible exposure (MPE) level for a particular set of laser parameters. In experimental studies, a ''threshold'' laser exposure is usually the estimated dose of laser radiation needed for a 50% probability of a visible laser effect (that is, the ED-50). 47 48 The threshold for visible laser effects is roughly twice that of subvisible effects detectable only histologically. 48 MPEs provide a variable safety margin for laser manufacturers and users, ranging roughly from 106 for 100 ms to 1006 for 100 ms exposures. 49 The value of ANSI Z136.1 MPEs as benchmarks for various clinical treatment parameters is limited by their dependence on laser pulse duration and tissue pigmentation. For example, in terms of energy delivered to the cornea, clinical parameters are 1.46 MPE for verteporfin photodynamic therapy, 50 9.36 MPE for diode laser transpupillary thermotherapy for CNV, 51 52 376 MPE for argon or FD-YAG green (300 mW, 0.2 second, 200 mm spot diameter) conventional photocoagulation and more than 2006 MPE for 0.8 ms FD:YAG green 34 repetitive pulse photocoagulation. 49 The SDM laser photocoagulation parameters used in this study (125 mm diameter spot size, 750 mW, 0.3 second laser exposure (envelope), 500 Hz, 100 ms micropulses) are 476 MPE, a level at which laser effects would be expected to be detectable histologically but not ophthalmoscopically or angiographically for 100 ms pulses.
In addition to using an end point not clinically visible, we also restricted laser photocoagulation damage by using micropulse (repetitive pulse) photocoagulation. Shortening a laser pulse limits the spread of photocoagulation damage caused by heat conduction during a laser exposure. Delivering all the energy needed for a conventional photocoagulation lesion in one very brief exposure, however, increases the risk of iatrogenic haemorrhage. 20 Micropulse Table 8 Visual acuity change in eyes with worsened versus some (reduced) present versus resolved CSMO on final examination photocoagulation avoids this problem by delivering the laser energy as a series of very brief micropulses within a single laser exposure (envelope). 20 28 30 Retinal temperature rise from each micropulse is lower than the temperature elevation that would occur if all the laser energy were delivered in a single micropulse. 20 Each of the 0.3 second laser exposures (envelopes) consisted of 150 micropulses. Individual micropulses were 100 ms in duration and delivered every 200 ms (500 Hz, 5% duty factor). Each micropulse denatures a small fraction of target tissue molecules, repetitive pulses add up to produce laser effects according to the n 21/4 law, 20 46 47 and experimental data show that each pulse causes some denaturation of intracellular proteins at exposures 1/10th to 1/100th of single pulse thresholds. 29 53 54 During a 100 ms micropulse, heat travels only about 4 mm, based on the standard assumption that the RPE and choroid have thermal properties similar to water. 55 56 Thus, our parameter selection limits heat conduction effects to RPE cells, which are roughly 10 mm in height and width, 57 58 and to immediately adjacent tissues such as the outermost portions of photoreceptor outer segments.
A variety of mechanisms may be involved in successful laser photocoagulation for CSMO, including (1) the upregulation or downregulation of chemical factors such as pigment epithelium derived factor (PEDF), vascular endothelial growth factor (VEGF) and heat shock protein (HSP), (2) thermal vascular thrombosis, sclerosis, or leucostasis, and (3) alterations in inner and outer blood-retinal barriers that can briefly increase and subsequently decrease retinal oedema. 52 59-67 Optimising photocoagulation awaits elucidation of its beneficial mechanisms, but the adverse effects of visible end point photocoagulation are caused by thermal damage to the RPE and adjacent cells. 8-14 68 69 Subthreshold photocoagulation protocols decrease this chorioretinal damage. 19 20 31-34 42 44 45 70 As noted above, patients treated with SDM photocoagulation did not have ophthalmoscopically or angiographically detectable lesions.
In our study, visual acuity stabilised or improved in 85% of treated eyes, with oedema decreasing in 96% and resolving in 79% of treated eyes. In the 15% of eyes losing three or more Snellen lines of visual acuity, 10 of 14 eyes had improved or resolved CSMO. Cataract formation was the most common cause of this decreased visual acuity. No patient required supplemental conventional suprathreshold photocoagulation. No haemorrhage, sudden visual loss, or other adverse treatment effect was observed in any patient. No patient undergoing fundus fluorescein angiography within 1 month of SDM treatment demonstrated early postoperative worsening of CSMO or angiographic leakage. Fluorescein angiographic leakage often persisted despite resolution of CSMO and improvement in visual acuity, a finding also reported in the ETDRS. 10 Patients with progressively worsening fluorescein angiographic leakage (three of 95 eyes) had worse visual acuity outcomes.
The SDM laser photocoagulation protocol we used has the weaknesses and strengths of other subthreshold laser protocols. There is no ophthalmoscopically apparent end point to help titrate or confirm therapy. Conversely, minimising chorioretinal laser damage permits confluent therapy and re-treatment of regions of macular oedema as demonstrated in our study. Treatment can be time consuming, but similar clinical outcomes might be achieved more rapidly by using 0.15 second rather than 0.3 second exposure envelopes, 300 ms rather than 100 ms micropulses (that is, a 15% rather than a 5% duty factor) and 800 mW rather than 750 mW of diode 810 nm infrared laser power. These alternative parameters provide a laser exposure that is 556 ANSI Z136.1 MPE, similar to the 476 MPE exposure used in this study.
Subthreshold diode micropulse photocoagulation is well tolerated by patients because it is painless and the infrared treatment beam is invisible. Areas of macular oedema can be treated aggressively because of reduced laser damage. SDM photocoagulation does not produce chorioretinal scars which could expand or increase the risk of iatrogenic choroidal neovascularisation. There is no angiographically demonstrable blood-retinal barrier breakdown, as in 0.7 ms subthreshold but angiographically apparent FD-YAG green repetitive pulse photocoagulation. 34 71 The reduced damage from SDM laser treatment may permit earlier intervention 59 than current guidelines developed from the ETDRS, 10 72 73 perhaps improving long term visual prognosis.
The validity of this pilot study is limited by its small size and retrospective nature. We lacked uniform postoperative patient follow up and therefore grouped the last available visual acuity measures as the ''last VA'' for outcome assessment. None the less, we had at least 3 months of follow up for each patient, providing some confidence in this measure as a treatment outcome. Each eye was considered to be an independent unit for analysis purposes, which unduly elevates the significance of associations if a high degree of dependency exists in the outcome between the two eyes of a patient. Our key findings, however, are descriptive in nature, and relate to visual acuity outcomes. Despite these cautions, the beneficial clinical results of SDM appear promising, especially since safety indicators such as adverse effects and laser scarring were not detected in any of the treated eyes. Prospective clinical trials are needed to confirm these findings and document their limitations. 
